Aims/hypothesis Diabetes mellitus is a risk factor for the development of cognitive impairment and dementia in the general population up to 75 years of age. As part of the Leiden 85-plus Study we studied the effects of diabetes on cognition in the oldest old. Subjects and methods The Leiden 85-plus Study is a prospective population-based study of 599 persons from age 85 onward. Cognitive function was assessed each year from ages 85 to 90 by means of four neuropsychological tests. The presence of diabetes and vascular disease was recorded at baseline, HbA 1c was assessed by means of a blood sample at ages 85 and 90. The cross-sectional and prospective associations between diabetes and cognitive function were analysed with linear mixed models, adjusted for sex and level of education. Results At age 85, diabetes was associated with a lower level of cognitive functioning on the Letter Digit Coding test and the Stroop Test. Diabetes was not associated with accelerated cognitive decline during follow-up. Within the group of diabetic patients, macrovascular disease was the most important determinant of cognitive dysfunction. Conclusions/interpretation The association between diabetes and accelerated cognitive decline, which has been documented previously in patients up to 75 years of age, may be less evident after age 85. This suggests that the damage occurs in previous years and that therapies aimed at preventing cognitive decline and dementia should focus on the younger old.
. It has been suggested that the effects of diabetes on cognition are most pronounced in the elderly [10] .
In the general population, studies on other risk factors for accelerated cognitive decline, such as hypertension and obesity, indicate that the impact of these factors may be age-dependent. For example, although midlife hypertension is a risk factor for late-life cognitive impairment and dementia, the relation between blood pressure and cognitive decline in persons of advanced age is less clear [11] . In order to develop strategies aimed at the treatment of these potentially modifiable risk factors for cognitive decline and dementia, further insight into the temporal relation of these factors with cognition in different age groups is required. For diabetes, this information is largely lacking for persons of advanced age.
The aim of the present study, conducted as part of the Leiden 85-plus Study [12] , was to examine the impact of diabetes mellitus on cognitive decline over time in the oldest of the old. We were in the unique position of being able to study this association both cross-sectionally and longitudinally in a population of 85-year-old people participating in the Leiden 85-plus Study. We hypothesised that diabetes is associated with a lower level of cognitive functioning at age 85 and an accelerated cognitive decline from 85 to 90 years of age. In addition, to identify determinants of cognitive dysfunction in diabetic patients, we assessed the effects of disease variables such as chronic exposure to elevated glucose levels and macrovascular disease.
Subjects and methods

Subjects
The Leiden 85-plus study is a prospective population-based study of all 85-year-old inhabitants of Leiden. Between 1 September 1997 and 1 September 1999, 599 participants were enrolled (response rate 87%). The non-responders were generally healthier and had poorer mood, but had mortality similar to that of the responders [12] . Participants were visited annually from the age of 85 to 90 years at their home for face-to-face interviews. The medical ethics committee of the Leiden University Medical Center approved the study and all subjects gave informed consent to participation. For the present analysis, we included the 596 (99%) participants for whom diabetes status was determined. Blood samples were obtained from 562 participants.
Diabetes mellitus
At baseline, participants who had a history of diabetes mellitus were identified through their general practitioner's medical record and medication use. These participants were classified as having 'known diabetes' (n=86). Eight participants used insulin, 45 used only oral antidiabetic medication, and 33 were treated with diet only. The nonfasting plasma glucose concentration was determined in all participants at baseline and again annually. Levels of HbA 1c were determined at ages 85 and 90. Participants without a history of diabetes but with a non-fasting plasma glucose concentration greater than 11 mmol/l at baseline were classified as having 'newly diagnosed diabetes' (n=10). These patients were advised to consult their general practitioner for further evaluation and to consider treatment. No specific information was obtained on the type of diabetes (1 or 2). Given the advanced age of the participants, however, the vast majority of the patients would have had type 2 diabetes mellitus. In sum, of the 596 participants, 96 (16%) were classified as having diabetes.
Cognitive function and depressive symptoms
Global cognitive function was assessed with the MiniMental State Examination (MMSE) [13] . MMSE scores range from 0 to 30, lower scores indicating impaired cognitive functioning. All participants performed four neuropsychological tests that are reliable and sensitive in the detection of small differences in elderly persons [14] . Attention was measured using the third chart of the 40-item Stroop Test. The time needed to name the ink colour of incongruously printed names of colours is taken as a measure of attention, higher scores indicating poorer attention. Information-processing speed was assessed with the Letter Digit Coding Test; the outcome was the total number of correct digits according to a code key in 60 s, lower scores indicating slower speed. Memory (immediate and delayed recall) was measured with the 12 Word Learning Test. In this test, 12 pictures are presented to the participant, who is then asked to recall them. This procedure is rehearsed three times. The total number of words that are correctly recalled immediately after each procedure is taken as a measure of immediate recall. Delayed recall is measured as the number of correct words that are correctly recalled after 20 min. Lower scores indicate worse memory. Parallel versions for the coding and memory tests, using identical procedures but with different items, were available to prevent learning effects. Depressive symptoms were assessed annually with the 15-item Geriatric Depression Scale (GDS-15), a questionnaire specially developed as a screening instrument for depressive symptoms in elderly populations [15] . Participants with a GDS-15 score of 4 or higher were considered to have clinically relevant depressive symptoms [16] . The Stroop Test, Letter Digit Coding Test, 12 Word Learning Test and GDS-15 were not assessed in participants with an MMSE score of 18 points or lower, because of the lack of reliability and validity in subjects with severe cognitive impairment.
Vascular disease
The presence of vascular disease was assessed from the history taken from the treating physician and the ECG. The following vascular pathologies were recorded with a standardised questionnaire: stroke; myocardial infarction; intermittent claudication; and arterial surgery. Stroke, arterial surgery and intermittent claudication were considered present when there was a positive medical history. Myocardial infarction was considered present when there was a positive medical history or when the ECG revealed myocardial infarction (Minnesota codes 1-1, 1-2 and 1-3) [17] . Hypertension was defined as a systolic pressure greater than 160 mm Hg, a diastolic pressure greater than 95 mm Hg, or the use of antihypertensive medication.
Statistical analysis
For the baseline analysis, comparisons between participants with and without diabetes for continuous parametric data were performed with the t-test; proportions were analysed with the χ 2 test. Since mortality will be high in a population of the oldest old and may be expected to be even higher among diabetic patients, Cox regression analysis was performed.
The association between diabetes and cognitive function at baseline and during follow-up was analysed with linear mixed models. Mixed models use all available data during follow-up, can properly account for correlation between repeated measurements, and can handle missing data more appropriately than traditional models. They also allow the use of time-independent and time-dependent covariates [18] . Cognitive function was entered in the models using the test scores obtained annually. Models studying the relation between diabetes and cognitive function included diabetes status (Y/N) at baseline, time, and an interaction between diabetes status and time. The estimate of the effect of diabetes status reflects the cross-sectional effect of diabetes on cognitive function, and is presented as the cross-sectional effect. The estimate of the effect of time reflects the annual change in cognitive function, and is presented as change over time. The estimate of interaction of diabetes status with time reflects the additional annual effect of diabetes on cognitive function and is presented as the additional annual effect. All models were adjusted for sex and level of education.
The relation between HbA 1c and cognition across the whole population was investigated in a similar way, adjusting for sex, level of education and diabetes status (Y/N). HbA 1c was entered in the analytical models as a continuous variable. We standardised the estimates per SD increase in HbA 1c level by using the formula: (individual serum level -mean serum level in the population)/SD in the population.
Within the group of diabetic patients, linear mixed models (adjusted for sex and level of education) were used to examine the effects of the following variables on cognitive function: HbA 1c level (per SD increase), cardiovascular disease (myocardial infarction, arterial surgery and intermittent claudication), stroke and hypertension. In a post hoc analysis we repeated the analysis of the association between diabetes and cognition while adjusting for the presence of macrovascular disease (myocardial infarction, arterial surgery, intermittent claudication, or stroke) and depressive symptoms. Since only eight participants used insulin, the role of insulin treatment could not be examined reliably.
Dementia was not formally assessed as an outcome measure. In secondary analyses, we calculated odds ratios for MMSE scores of 18 or less (as a surrogate measure of dementia) and 23 or less (surrogate measure of cognitive impairment) for the diabetic relative to the non-diabetic participants. Table 1 summarises the characteristics of the diabetic (n=96) and the non-diabetic participants (n=500) at age 85. Participants with diabetes had a significantly lower educational level and higher glucose and HbA 1c levels. No differences in the history of vascular disease were found between the diabetic and non-diabetic participants. The diabetic patients had an increased risk of mortality during follow-up (hazard ratio 1.5 (95% CI 1.1-2.0)). From the 596 patients who were included at baseline, 44 were lost to follow-up over the 5 years of the study. During follow-up 263 participants died. Common causes of death were cardiovascular disease (42%), infectious diseases (18%) and cancer (17%); these proportions were similar in the diabetic and non-diabetic groups.
Results
The effect of diabetes on annual assessments of cognitive function is shown in Fig. 1 and Table 2 . Crosssectionally, the linear mixed models showed that diabetes was associated with poorer performance on the Letter Digit Coding Test and the Stroop Test (cross-sectional effect). During follow-up, there was a significant decline in all but one measure of cognitive function (change over time). Diabetes was not associated with an accelerated decline in any of the cognitive tests (additional annual effect). Both exclusion of the participants who developed diabetes during follow-up (n=17) and repeating our analyses only with the participants who survived the follow-up (n=289) did not Fig. 1 a-e Cognitive function in diabetic (open circles; n=96 at baseline) and non-diabetic (filled circles; n=500 at baseline) participants from age 85 to age 90, estimated from linear mixed models adjusted for sex and level of education. Data are mean and SE notably alter the results. Furthermore, exclusion of the participants with newly diagnosed diabetes (n=10) did not alter the results. Across the whole population (diabetic and non-diabetic participants), there was no cross-sectional association between the level of HbA 1c and cognitive dysfunction ( Table 2) . HbA 1c was also not associated with accelerated cognitive decline during follow-up. Excluding participants who used antidiabetic medication (n=53) did not alter the results. At age 85 the odds ratios for an MMSE score of 18 or less and 23 or less in the diabetic group were 0.9 (95% CI 0.5-1.7) and 1.3 (0.8-2.1), respectively, relative to the non-diabetic group. At age 90, including only subjects with an MMSE greater than 18 (or greater than 23) at age 85, the odds ratio was 1.3 (0.5-3.0) for an MMSE score of 18 or less and 1.2 (0.5-2.9) for an MMSE score of 23 or less. Within the group of diabetic patients, lower baseline cognitive function was associated with a history of stroke (Table 3 ). There was no clear relation between cognition and hypertension. If anything, diabetic patients with hypertension tended to perform slightly better across different tests. Analyses with systolic and diastolic blood pressures as continuous variables confirm these results (e.g. cross-sectional effect systolic blood pressure, MMSE 0.7 [0.0-1.5] per 10 mm Hg; diastolic blood pressure, 1.1 [−0.3-2.6] per 10 mm Hg). The longitudinal analysis showed an accelerated cognitive decline for diabetic patients with a history of arterial surgery and intermittent claudication. A history of stroke appeared to be associated with decelerated cognitive decline in the longitudinal analysis. However, taking into account the large effect of stroke on the MMSE score, this probably reflects a ceiling effect. A higher HbA 1c level was related to a decelerated decline on the memory tests. The associations between lower cognitive function and macrovascular disease were not specific for the diabetic group. Similar associations have been shown for the whole Leiden 85-plus population [19] . The repeated analysis of the association between diabetes and cognition while adjusting for the presence of macrovascular disease (myocardial infarction, arterial surgery, intermittent claudication, or stroke) showed a 5-10% reduction in the estimates of the difference between diabetic and non-diabetic participants, as presented in 
Discussion
The results of the present study show that at age 85 diabetes is associated with a lower level of cognitive functioning on the Letter Digit Coding Test and the Stroop Test. This is in line with previous cross-sectional studies of cognitive function in diabetes, which show moderate impairments in information-processing speed and executive functions [3] [4] [5] . Memory function, which is usually also found to be impaired, did not differ between the diabetic and nondiabetic participants. The impairments found in the present study involved tests in which time or speed is essential. It has been hypothesised that the cognitive performance of diabetic persons is particularly affected when the cognitive task at hand requires speed of response and when the individual has to respond within a fixed time limit [20] .
The results also show that although the population as a whole shows a marked decline in all cognitive functions from age 85 to age 90, diabetes was not associated with accelerated cognitive decline. To date, a limited number of studies have examined the effect of diabetes on cognition longitudinally (for a review, see [6, 7] ). The majority of these studies address the development of dementia and usually show an increased incidence of both Alzheimer's disease and vascular dementia in older (mean age 69-77) diabetes patients [21] [22] [23] . There are only seven populationbased longitudinal studies that have examined cognitive function by means of a cognitive test battery [24] [25] [26] [27] [28] [29] [30] . In five of these the difference in cognitive performance between diabetic and non-diabetic participants was examined both at baseline and prospectively [24] [25] [26] [27] 29] . In all but one [24] of these studies, the mean age of the population at baseline was between 65 and 75 years. Two studies specifically included participants who were cognitively intact (e.g. MMSE score >26) at baseline, resulting in no significant differences in baseline cognitive function [24, 27] . Out of the remaining three studies, two found significantly worse cognitive performance in the diabetic participants at baseline [26, 29] . All participants were studied prospectively one to four times, the follow-up time ranging from 2 to 6 years. In all analyses, only participants who survived the interval until the last follow-up were included. The prospective analyses in all five studies showed a significantly greater decline in the diabetic participants in some but not all of the neuropsychological test scores compared with non-diabetic participants.
These findings are dissimilar to the findings of the present study. A possible explanation is that the participants from previous studies were generally younger at study entry. Moreover, baseline cognitive function was better (e.g. mean MMSE score 27.7 [24] or 29.0 [27] vs 25.8 in the present study), and the rate of cognitive decline, even in the non-diabetic group, was much lower (approximately 0.2 MMSE points per year [24, 27] vs 0.8 in the present study). The additional rate of cognitive decline that was attributed to diabetes in, for example, the MMSE score in previous studies was 0.05 [27] or 0.25 [24] points per year. The much higher rate of cognitive decline in both diabetic and non-diabetic participants observed in the present study, due to the advanced age of the population involved, may have masked any additional effects of diabetes, leading to a ceiling effect. An alternative hypothesis would be that individuals who reach the age of 85, despite having diabetes, are survivors who are relatively less susceptible to the adverse effects of this condition. However, this is not supported by the higher mortality rate in the diabetic patients in our study.
Analogous to the present observations, a non-linear relationship with age has been described for other risk factors for cognitive decline and dementia [11, [31] [32] [33] [34] . While hypertension, obesity and dyslipidaemia are established risk factors for cognitive dysfunction and dementia in the younger old, these factors may actually be protective in the oldest old. An age-dependent relationship between blood pressure and cognitive function and dementia has been described, whereby high blood pressure in middle age leads to more vascular comorbidities in late life, but there is less evidence for the same negative effect on cognition in later life [11] . Particularly in the oldest old, low blood pressure actually appears to be harmful for cognitive function [11] . Similarly, hypercholesterolaemia and increased BMI are associated with accelerated cognitive decline up to the age of 75 [31, 32] . In the oldest old, however, hypercholesterolaemia was found to be associated with a reduced risk of dementia, cognitive decline and death over a 6-year period [33] , and low BMI with an increased risk of Alzheimer's disease [34] .
It may thus be hypothesised that there is a bell-shaped relationship between age, diabetes and cognitive function. From mid-life onwards the effect of diabetes on cognitive function increases with age; the effect is greatest in the 65-75 age range and declines thereafter. Whether this is due to ceiling effects, selective survival or even protective effects of high glucose levels in the oldest old remains to be determined.
The determinants of cognitive impairments in diabetes are unclear. Associations with hyperglycaemia, hyperinsulinaemia [5] , hypertension [35] , dyslipidaemia and cerebrovascular disease have been found in some but not all studies [5, 6] . In our study, worse cognitive performance in the diabetes group was associated with macrovascular disease. However, this association did not appear to be specific for diabetes [19] and adjustment for macrovascular disease in the analyses had only a modest effect on the difference in cognitive performance between diabetic and non-diabetic participants. While hypertension has been suggested to be an important determinant of impaired cognition in diabetes [4] , in the present study no clear relationship was found between hypertension and cognitive function within the group of diabetes patients, in line with other recent studies [27, 29] . A higher HbA 1c level was largely unrelated to cognitive dysfunction, except for a modest positive effect on the memory tests. This suggests that in the oldest old macrovascular disease is the strongest determinant of cognitive dysfunction in patients with diabetes. However, on the basis of the present data we are unable to identify the specific determinant that accounts for the difference in cognitive performance between diabetic and non-diabetic participants.
The strengths of the present study are the population-based sample of the oldest old with a high incidence of cognitive decline, the annual repeated assessments of various cognitive domains, the quantitative assessment of vascular disease at baseline, and the use of linear mixed models that allow optimal use of the data. A limitation of the study is that the classification of diabetes was based on non-fasting blood glucose levels, medical history and medication use, instead of fasting glucose levels or a glucose tolerance test. If anything, this would lead to underestimation of the effect of diabetes on cognitive function. Another limitation is that the diabetic patients showed a higher mortality rate, which results in a relative survival bias for nondiabetic participants. We used linear mixed models, which are best suited to handling this attrition.
In sum, our study shows that very old diabetes patients have lower cognitive function relative to non-diabetic persons at age 85, but they do not decline faster from age 85 to age 90. Macrovascular disease is associated with lower cognitive performance in diabetes patients of this age group. These findings indicate that the association between diabetes and accelerated cognitive decline that has been documented previously in patients up to 75 years of age is less evident in the oldest old. This suggests that the damage occurs in previous years and that therapies aimed at preventing cognitive decline and dementia should focus on the younger old.
